Objectives-To investigate whether workers in Swedish sulfate mills have an increased risk of death from certain malignancies that have previously been linked to the pulping process. Methods-Subjects of the study (n=2480) were men aged 40-75 at death during 1960-89 in the parishes surrounding four sulfate mills. Exposure assessment was based on information from the personnel files in the mills-35% of the subjects were recognised there, and work categories were created. Results-Among all sulfate mill workers, the odds ratio (OR) (90% confidence interval (90% CI)) for death from lung cancer was 1.6 (1.1 to 2.3), pleural mesotheliomas 9.5 (1.9 to 48), brain tumours 2.6 (1.2 to 5.3), and liver or biliary tract cancer 2.3 (1.0 to 5.2). There was an increased mortality from leukaemia among workers in the soda recovery plant (5.9 (2.6 to 13)) and bleaching plant and digester house (2.8 (1.0 to 7.5)). Conclusions-Sulfate mill workers were at increased risk of dying from lung cancer and pleural mesotheliomas, probably due to exposure to asbestos. Increased risks of brain tumours and cancers of the liver or biliary tract were also found but the aetiology is not obvious. (Occup Environ Med 2001;58:321-324) 
Two main processes can be distinguished in the production of pulp and paper, the acidic sulfite process and the more common alkaline sulfate (Kraft) process. 1 The predominant chemicals in the alkaline process are a mixture of sodium hydroxide and sodium sulfide. The sulfate pulp is brownish and was earlier mostly bleached with chlorine, chlorine dioxide, hypochlorite, and sodium hydroxide in diVerent bleaching stages. 2 The main occupational exposures in sulfate mills are hydrogen sulfide, and other reduced sulfur compounds, wood dust, terpenes, and bleaching chemicals. 1 The maintenance workers in pulp mills (and paper mills), independently of the type of process, have also been exposed to asbestos. 1 3 Despite the fact that the exposures are diVerent to some extent, most previous epidemiological studies on pulp mills have not separated diVerent kinds of pulping processes. 4 More recent studies, however, have reported data on cancer risk among sulfate mill workers. Increased risks for stomach cancer, haematological malignancies, lung cancer, colon cancer, and kidney cancer have been reported among sulfate workers, [4] [5] [6] [7] but the results are inconsistent. Among Swedish cellulose plant workers increased risk of gliomas have been found. 8 The aim of this case-referent study was to investigate whether sulfate mill workers had increased risks of mortality from diVerent malignancies, especially lung cancer, stomach cancer, brain tumours, and haematological malignancies.
Materials and methods

THE MILLS
Four sulfate mills were selected for the study. They were in small towns in rural areas of Sweden and were the dominant industries in the regions. To our knowledge these mills have not been the subject of any other published study. A separate sawmill for production of sawn timber had been connected to three of the pulp mills, and some workers had worked both in the sawmill and in the pulp mill. Two of the mills also had a paper mill and a third mill started paper milling in 1972. Three of the mills had a bleaching plant, which started in 1932, 1946, and 1955, where chlorine dioxide was the most important bleaching agent.
SUBJECTS
Subjects for the study (n=2480), cases and referents, were obtained from the local registers of deaths and burials in five parishes, each surrounding a sulfate mill (for one mill two small parishes). The causes of death found in the registers were based on the information from death certificates. The study was restricted to men who were 40-75 when they died between 1960 and 1989. Men over 75 were excluded as the validity of the causes of death was considered to be lower in this age group than at younger ages.
The underlying cause of death was classified according to the international classification of diseases 8th revision (ICD-8). If cancer was reported on the death certificates it was always For each set of cases, all non-cases were used as referents-for example, for the cases of lung cancer, all other subjects (including other sets of cases) were used as referents.
EXPOSURE CLASSIFICATION
The exposure classification was based on the personnel files found in each pulp mill. According to information from these files, all subjects were classified as either exposed-the subject was found in the files as a blue collar worker-or unexposed. A minimum period of employment of 1 year was required to be classified as exposed. The classification was made without knowledge of whether the subject was a case or a referent. Out of 2480 subjects, 859 (35%) were classified as exposed. The distribution between the diVerent parishes is shown in table 1.
The occupationally exposed people were further subdivided into six categories; maintenance workers (n=299), wood room workers (n=121), sawmill workers (n=234), bleaching plant and digester house workers (n=74), soda recovery plant workers (n=61), and others (n=214). In the category others 38% were mechanical workshop workers, 21% paper mill workers, 16% causticising department workers, and 13% electricians. Of the maintenance workers one third were mechanics, the remaining were odd job men assisting in diVerent types of maintenance work. The six categories were not mutually exclusive; hence, a person could belong to more than one category during his period of employment. Ninety nine workers belonged to two and 20 to more than two categories. Of the cancer cases, 29 workers belonged to two or more subgroups. Employment time has been calculated but the date of leaving the mill was missing for 123 workers (in the files for more than 1 year), who were left out in analyses when using employment time. Mean employment time was 24 years and 82% had been employed for more than 10 years. ORs (90% CIs) are crude.
Values were not analyzed when there were less then three exposed cases.
STATISTICAL METHODS
The statistical analyses were based on the method of Mantel and Haenszel 9 and the principles outlined by Axelson. 10 When calculating the Mantel-Haenszel odds ratios (OR (M-H) ), the subjects were stratified according to age (40-65 and 66-75) and parish. The SAS statistical software package (release 6.12; Cary, NC, USA) was used for statistical analyses. For occupational subgroups and when there were few cases, the crude ORs are given. Only ORs based on three or more exposed cases are tabulated. The diVerent exposed subgroups have been compared with the men classified as unexposed.
Results
Sulfate mill workers had an increased risk of mortality from lung cancer, pleural mesotheliomas, brain tumours, and cancer of the liver or biliary tract (table 2) . If analyses were restricted to workers with more than 10 years of employment (table 2), the risk for pleural mesotheliomas increased. Stratification for calendar period of exposure or restriction to a latency period of at least 20 years did not substantially change the estimates, nor did the use of three age strata. There was also an increased risk of unspecified abdominal cancer (n=10, OR 4.4, 90% CI 1.5 to13), which may be due to peritoneal mesotheliomas.
The ORs for diVerent occupational categories are shown in table 3. An increased risk of death from brain tumours was found among maintenance workers, wood room workers, and sawmill workers. There was an increased risk of mortality from leukaemia among bleaching plant and digester house workers (OR 2.8, 90% CI 1.0 to 7.5) and soda recovery plant workers (OR 5.9, 90% CI 2.6 to 13). Wood room workers had the highest risk of dying from lymphomas (OR 2.5, 90% CI 0.9 to 6.9).
Discussion
In the present study, an increased mortality risk from lung cancer, pleural mesotheliomas, brain tumours, and cancer of the liver or biliary tract was found among male sulfate mill workers. There was an increased risk of death from leukaemia among soda recovery plant workers and bleaching plant and digester house workers. Maintenance workers, wood room workers, and sawmill workers had an increased mortality from brain tumours.
The exposure assessment in this study was based on information from the personnel files in the mills. As stated previously, the advantage of such records is the prospective way of collecting exposure data, before onset of disease. 11 Hence, the occupational information based on the files of the mills is free from observation bias relative to the outcome of disease. However, there are several limitations in the files-such as lack of information about exposure to specific agents and incomplete information about the period of employment. These shortcomings could be regarded as causing non-diVerential misclassification of exposure, which would result in bias towards unity.
There could be limitations with using deceased people as the source population. If the mortality from other diseases (among controls) is influenced by exposure this would eVect the relative risk. For example, if the exposed men had a risk of excess mortality from cardiovascular diseases, this would attenuate the risk of cancer among the exposed population. Shift work, which is common among mill workers, could be such a factor but there was no increased mortality from cardiovascular diseases among these sulfate mill workers.
The limited study population does not permit multiple stratification for several potential confounding factors at the same time. But we have done analyses on one factor at a time and with one exception there was no change in the risk estimates. Adjusting for parish and thereby mill had a minor eVect of the estimates of cancer of the liver or biliary tract and the brain. This could imply that there might be diVerences in exposure among the mills. In the final analysis we stratified for age (two strata) and parish.
The risk of lung cancer was increased among all workers and in diVerent subgroups. There was also a high risk of pleural mesotheliomas in the whole group. Four of the five exposed cases of mesothelioma had worked in the building and maintenance department. These findings further underline the importance of considering asbestos as an occupational exposure among pulp mill workers.
3 DiVerences in exposure to asbestos could be one of the reasons why some earlier studies have found an excess risk of lung cancer and some have not. From two recent large cohort studies Band et al reported the standardised mortality ratio (SMR) for lung cancer to be 1.00 (90% CI 0.87 to 1.14) for sulfate mill workers 5 and Matanoski et al found a relative risk of 1.35 (95% CI 1.04 to 1.75) among sulfate workers compared with other pulp and paper mill workers. 6 Smoking can be a confounder in lung cancer. The smoking habits of the subjects are not known in this study, but in a similar mill town the prevalence of male ever-smokers was 54%, compared with 67% among the male pulp mill workers. 12 Assuming these smoking habits for the present study population, we can adjust for the confounding according to Axelson. 13 The relative risk of lung cancer among sulfate mill workers would then decrease from 1.6 to 1.3, assuming the relative risk of lung cancer for ever-smokers to be 11.9. 14 Brain cancer was increased among all sulfate mill workers and also among diVerent subgroups. Of interest is that some recent studies have indicated an increased risk of brain tumours in this type of industry. In a cohort study from British Columbia, Canada, the risk of central nervous system neoplasms was increased among the sulfite workers (SMR 1.7, 90% CI 1.1 to 2.6), but not among the sulfate workers (SMR 0.8, 90% CI 0.5 to 1.2). 4 We have earlier found an increased risk among sulfite mill workers (OR 3.3, 90% CI 1.1 to 8.9). 15 In an older Swedish register study, pulp mill workers were at increased risk of developing gliomas. 8 The established risk factors, inherited predisposition, and ionising radiation, are only responsible for a small fraction of brain tumours. Occupational exposures that have been associated with increased risks are organic solvents, vinyl chloride, pesticides, and polycyclic aromatic hydrocarbons, as well as non-ionising radiation. 16 17 There was no increased risk of malignant lymphomas among all sulfate mill workers in this study, but previous studies have found an increased risk in sulfite, sulfate, and unspecified pulp mill workers. 4 5 There is support in the literature for an association between wood related work and lymphomas, 4 and the present study indicates an increased risk, albeit not significant, among the wood room workers (OR 2.5, 90% CI 0.9 to 6.9). However, sawmill workers had no increased risk. In these mills we assess the exposure to terpenes to be considerably higher among the wood room workers.
Studies of leukaemia among pulp mill workers have limited power due to the low prevalence of the disease. However, studies with more than five cases have indicated an increased risk. 6 18-21 In the present study, we did not find an increased risk of leukaemia among all sulfate workers but when analyzing occupational subgroups there was an increased risk among bleaching plant workers (OR 2.8, 90% CI 1.04 to 7.5) and soda recovery plant workers (OR 5.9, 90% CI 2.6 to 13). The leukaemias were both of chronic lymphatic and acute myeloic types. One possible exposure in the soda recovery plant may be to polycyclic aromatic hydrocarbons. An increased risk of haematological malignancies was found in a case-control study among people exposed to aromatic hydrocarbons (OR 2.15, 95% CI 1.4 to 3.3), as well as an increased risk of acute non-lymphoblastic leukaemia (OR 5.28, 95% CI 2.1 to 14). 22 Bleaching workers are exposed not only to chlorine, but also to chlorinated dibenzodioxins.
1 An increased risk of leukaemia has been described after exposure to 2,3,7,8-tetrachlorodibenzodioxin. 23 But other mill workers could also be exposed to such chlorinated compounds.
In a recent study from British Columbia, excess mortality from cancer of the gall bladder was found among workers employed in both sulfate and sulfite processes. 5 An increased incidence of cancer of the gall bladder has also been found among paper mill workers in Sweden. 24 The present study indicated an increased risk of cancer of the liver or biliary tract (including gall bladder) among the sulfate workers.
There are conflicting results on the risk of stomach cancer among pulp mill workers, 4 and the recent cohort studies have not found an increase among sulfate mill workers. 5 6 The present study showed a risk close to unity.
In conclusion, workers in these four Swedish sulfate mills are at increased risk of developing lung cancer and pleural mesotheliomas, probably caused by exposure to asbestos. They also had increased risks for brain tumours and cancer of the liver or biliary tracts but the reason for that is not obvious. Further studies should try to elucidate the exposures causing these increased risks.
